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RELATIONSHIP  BETWEEN  COMPOSITION,  MICROSTRUCTURE,  AND 
STRESS  CORROSION  CRACKING  IN  TITANIUM  ALLOYS 

By  R.  E.  Curtis 


ABSTRACT 

Four  a  titanium  alloys  and  1 1  a+0  titanium 
alloys  have  been  characterized  to  relate  phase 
composition  and  associated  microstructure  to 
stress  corrosion  cracking  (SCC).  Of  these 
alloys,  only  a  low-interstitial,  commercially  pure 
a  alloy  (Ti-50A)  was  immune  to  SCC.  Addition 
of  oxygen,  aluminum,  or  aluminum  and  tin 
restricted  slip  in  the  a  phase  and  promoted 
stress  corrosion  susceptibility.  Formation  of 
ordered  domains  of  Ti3(Al,Sn)  further  re¬ 
stricted  slip  and  increased  susceptibility.  Stress 
corrosion  resistance  was  improved  by  thermo¬ 
mechanical  treatments  that  reduced  a  grain  size 
or  increased  dislocation  density.  Alpha-phase 
susceptibility  is  qualitatively  related  to  the  in¬ 
tensity  of  the  stress  field  suiTounding  a  disloca¬ 
tion  pileup.  Alloying  with  molybdenum  and/or 
vanadium  increased  strength  and  often  im¬ 
proved  stress  corrosion  resistance.  This  is 
attributed  to  stabilization  of  the  ductile  j 3 
phase.  However,  precipitation  of  a  fine  dis¬ 
persion  of  O'  or  co  in  p  caused  embrittlement 
and  reduced  the  stress  corrosion  threshold.  In- 
termetallic  compound  formation  in  alloys  con¬ 
taining  copper  or  silicon  similarly  promoted 
susceptibility.  Thermomechanical  processing  of 
Ti-4AI-4Mo-2Sn-0.5Si  limited  the  embrittle¬ 
ment,  probably  by  refining  Ti 5Si3  particles  in 
the  (3  phase. 

INTRODUCTION 

Recent  tests  have  demonstrated  the  susceptibil¬ 
ity  of  numerous  titanium  alloys  to  SCC  in  salt¬ 
water  environments  (1 ,  2,  3).  The  results  show 
that  neither  nor  0  alloys  are  immune  to 

this  phenomenon.  However,  the  degree  of  em¬ 
brittlement  varied  markedly  within  each  alloy 
type. 


An  extensive  evaluation  of  twoa+0  alloys, 
Ti-6A1-4V  and  Ti-4Al-3Mo-l  V,  showed  that 
differences  in  susceptibility  are  partially  ex¬ 
plained  by  composition  differences  (4,5).  The 
additional  aluminum  in  Ti-6A1-4V  contributed 
to  extensive  slow  crack  growth  in  salt  solution 
and  reduced  the  sustained  load  threshold  for 
SCC.  The  a  phase  was  identified  as  the  suscep¬ 
tible  phase  in  this  alloy,  whereas  the  j3  phase 
behaved  in  a  ductile  manner,  i.e.  as  a  crack 
arrestor.  Because  of  this  difference  in  the 
phases,  processes  that  change  the  amount  and 
morphology  of  the  a  and  (3  phases  also  influ¬ 
ence  alloy  susceptibility.  These  micro- 
structural  changes  arise  from  variations  in  heat 
treatment  and  thermomechanical  treatment. 

Greater  understanding  of  SCC  in  titanium 
alloys  requires  analysis  of  a  wide  spectrum  of 
compositions  and  associated  microstiuctures. 
Changes  in  susceptibility  associated  with  inter¬ 
stitial  a.  stabilizers  such  as  oxygen  and  with 
neutral  strengthened  such  as  tin  and  zirconium 
have  not  been  established.  In  addition,  the 
influence  of  grain  size,  grain  morphology,  and 
dislocation  structure  on  SCC  has  not  been  de¬ 
fined  as  a  function  of  Q<-phase  composition. 
Four  a-type  alloys  have  been  selected  for  in¬ 
vestigation  of  these  factois.  Additional  alloys 
containing  p  stabilizers  are  being  characterized 
to  relate  SCC  to  the  amount  and  composition 
of  stabilized  (3.  Both  p  isomerphous  stabilizers 
(Mo  and  V)  and  P  eutectoid  stabilizers  (Fe,  Cu, 
and  Si)  are  being  investigated.  An  initial 
analysis  has  been  conducted  on  commercial 
and  near-commercial  alloys  that  provide  the 
desired  composition  variations.  Results  of  these 
tests  are  expected  to  suggest  experimental  com¬ 
position  to  more  clearly  define  the  influence  of 
a  particular  element  or  combination  of 


elements,  on  SCC. 
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This  research  was  supported  by  the  Advanced  Research  Projects  Agency  of  the  Department  ol  Defense  (ARPA  Order  No. 
K78!  -md  was  monitored  by  the  Naval  Research  laboratory  under  Contract  No.  N0014-60-C0365. 
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EXPERIMENTAL  PROCEDURE 

Titanium  alloy  plate  was  purchased  in  the  mill- 
annealed  heat-treatment  condition  in  thick¬ 
nesses  of  0.50  inch  or  greater.  Nominal  and 
actual  chemical  compositions  are  shown  in 
Table  1.  The  as-received  plate  was  cut  into 
specimen  blanks  and  either  heat  treated  or 
thermomechanically  processed  by  rolling.  Two 
tensile  specimens  and  five  notched  bend  speci¬ 
mens  were  machined  from  each  blank  so  their 
long  dimension  was  normal  to  the  final  plate 
rolling  direction.  The  notched  bend  specimen 
(6)  was  fatigue  cracked  in  the  manner 
described  by  B.  F.  Brown  (7)  prior  to  fracture 
toughness  testing  in  air  and  stress  corrosion 
testing  in  3.5-percent  NaCl  solution.  All  tests 
were  conducted  at  room  temperature. 

In  the  fracture  toughness  test,  two  specimens 
per  condition  were  loaded  to  failure  in  four- 
point  bending  at  a  gross  area  stress  rate  of  1 000 
psi/sec.  Plane-strain  fracture  toughness  Kqc  was 
calculated  from  the  load  at  which  the  5-percent 
secant  modulus  intersected  the  load  deflectio’ 
curve  by  the  method  described  in  Reference  b. 
Validity  of  the  K[c  determination  was  limited 
to  conditions  where  specimen  thickness  t  was 
equal  to  or  greater  than  2. 5(K/0. 2-percent 
yield  strength)?. 

In  the  stress  corrosion  test,  three  notched  bend 
specimens  per  condition  were  immersed  in  salt 
solution  prior  to  four-point  loading  in  a 
hydraulic  apparatus  (6).  Additional  Ti-70  speci¬ 
mens  were  loaded  before  immersion  in  salt 
solution  to  determine  the  effect  of  loading 
sequence  on  Kjr>cc.  In  both  sequences,  the  first 
specimen  was  loaded  to  an  initial  stress  inten¬ 
sity  level  Kj;  equal  to  approximately  70  per¬ 
cent  of  K|c  and  held  at  that  level  to  failure  or 
for  a  time  of  at  least  6  hours.  Load  levels  for 
subsequent  specimens  were  selected  to  estab¬ 
lish  a  curve  of  Kjj  versus  time  to  failure  (Figure 
1 ).  Visual  monitoring  of  crack  growth  and 
examination  of  the  fracture  surface  (Figure  2) 
shows  the  pre-existing  crack  propagates  in  salt 
solution  at  these  low  K-Ievels  until  it  reaches 
the  critical  length  (corresponding  to  Kjc) 


Fig.  1.  Typical  sustained  loading  characteristics  of 
titanium  alloy  plate  in  salt  solution. 

necessary  for  rapid  failure.  An  apparent  “thres¬ 
hold  level”  for  stress  corrosion  cracking  exists 
in  titanium  alloys  below  which  the  pre-existing 
crack  does  not  grow  under  sustained  load.  The 
threshold  is  taken  as  the  K||  level  at  360 
minutes  (Figure  1)  and  is  referred  to  as  Kjscc 
or  “stress  corrosion  .esistance.”  This  value  can 
be  compared  with  the  fracture  toughness  in  air 
Kjc  to  establish  the  “relative  susceptibility”  of 
each  heat-treatment  condition. 

Samples  for  microstructure  analysis  were  pre¬ 
pared  from  broken  notched  bend  specimens. 
Carbon-germanium  replicas  of  the  micro- 
structure  and  fracture  face  were  prepared  using 
the  two-step  technique.  Coupons  for  thin  foils 
were  machined  from  the  plate  midt.iickness 
and  prepared  as  described  by  Blackburn  and 
Williams  (9).  The  volume  fraction  of  beta  was 
determined  by  the  X-ray  technique  described 
previously  (5). 


Fig.  2.  Fracture  surface  of  notched  bend  specimen  in 
condition  susceptible  to  stress-corrosion  cracking 
Area  A  under  the  notch  is  the  fatigue-cracked 
region,  area  B  is  the  region  o*  slow  crack  growth 
in  salt  solution,  and  area  C  is  the  fast-fracture 
region. 


Table  I.  Composition  of  titanium  alloys. 


'Typical  composition 


RESULTS 

STRESS  CORROSION 
LOADING  SEQUENCE 

Stress  corrosion  tests  on  Ti-70  were  conducted 
using  two  loading  sequences:  ( i )  loading  in  air 
before  immersion  in  salt  solution,  and  (2)  load¬ 
ing  in  salt  solution.  Appendix  A  shows  that  the 
loading  sequence  had  a  varied,  often  pro¬ 
nounced  effect  on  the  <drec‘  corrosion  thresh¬ 
old  Kqscc.  Of  10  conditions  (2 A  through  2JA) 
tested  with  both  sequences,  eight  had  a  signifi¬ 
cantly  lower  threshold  when  loaded  in  salt 
solution.  Certain  conditions  of  TT6AI-4V 
behaved  similarly  (10)  However,  two  of  the 
ten  conditions  of  Ti-70  had  identical  thresholds 
for  both  loading  sequences.  Ti-KAl- 1  Mo-1  V  and 
Ti-4AI-3Mo-l  V  also  behaved  independently  of 
test  technique  (11).  Apparently,  conditions 
that  are  either  markedly  susceptible  to  SCC, 
e.g.  Ti-8A1-1  Mo-I  V  (mill  and  duplex  annealed) 
and  Ti-70  (2D  and  2E,  Appendix  A),  or  im¬ 
mune  to  SCC,  e.g.  Ti-4AI-3Mo-lV,  are  un¬ 
affected  by  loading  sequence.  Other  alloy  con¬ 
ditions,  e  g.  TT6A1-4V  and  Ti-70  (2A,  2B,  2C, 
2F,  2Ci,  2H,  21,  and  2JA,  Appendix  A),  may 
exhibit  erroneous  thresholds  if  loaded  before 
immersion  in  salt  solution.  For  this  reason,  the 
Kjsec  results  discussed  below  were  determined 
from  specimens  loaded  in  salt  solution. 

a  ALLOYS 

Initial  studies  have  been  conducted  on  four  a 
alloys:  a  low  interstitial  grade  of  commercially 
pure  titanium  (Ti-50A,  Oi  =  i  200  ppm),  a  high 
interstitial  grade  of  commercially  pure  titanium 
(Ti-70*,  CH  =  3800  ppm),  Ti-5AI-2.5Sn*,  and 
Ti-5A!-5Sn-5Zr.  Results  of  the  mechanical- 
property  tests  (Appendix  A)  show  dial  in  the 
as-received  (mill  annealed)  heat  treatment  con 


‘Although  Ti-70  and  Ti-5AI-2.5Sn  arc  referred 
to  asn  alloys,  they  contain  a  small  amount  of 
0  phase  in  the  annealed  condition. 


dition  only  Ti-.SOA  if  immune  to  SCC.  Immun¬ 
ity  is  evidenced  hy  a  lack  of  crack  growth  in 
salt  solution  and  by  the  relationship  of  K|c  to 
Kiscc.  The  degree  of  susceptibility  of  the  other 
a  alloys  is  dependent  on  several  factors,  includ¬ 
ing  (!)  grain  orientation;  (2)  composition, 
order,  and  dislocation  structure;  (3)  grain  size 
and  morphology;  and  (4)  transformation 
behavior  of  0,  if  present.  The  effect  of  grain 
orient.. tion  on  stress  corrosion  susceptibility 
has  been  discussed  previously  (I  2) and  will  not 
be  considered  in  detail  here. 

Composition,  Order,  and 
Dislocation  Structure 

Increasing  the  oxygen  content  of  commercially 
pure  titanium  and  adding  aluminum,  tin,  and 
zirconium  to  a  commercially  pure  titanium 
base  stabilized  and  strengthened  the  a  phase 
but  promoted  susceptibil  y  to  SCC.  Oxygen  is 
responsible  for  much  of  he  strength  difference 
between  Ti-50A  (0.2-pei  cent  yield  =  42.5  ksi) 
and  Ti-70  (0.2-percent  yield  -  84.3  ksi)  in  the 
mill-annealed  condition  A  portion  of  the 
strength  increase  (approximately  10  ksi)  is  due 
to  the  high  iron  content  of  Ti-70  (Table  1) 
based  on  Reactive  Metals.  Inc.  data  (13). 

in  addition  to  strengthening,  the  increased 
oxygen  in  Ti-70  modified  the  deformation 
behavior  of  the  a  phase  so  that  slip  was  re¬ 
stricted  to  a  single  sel  of  planes,  predominately 
{lOlO}.  The  resulting  dislocation  structure  after 
3-  to  4-percent  deformation  by  rolling  is  shown 
in  the  electron  micrograph  in  Figure  3(a).  Slip 
on  the  {l()T0},  {loll},  and  (0001)  planes  in 
Ti-50A  produced  dislocation  tangles  after  the 
same  amount  of  deformation  (Figure  3(b)). 
Operation  of  three  slip  systems  in  Ti~50A  is 
consistent  with  the  results  of  <  hurchman  (14) 
who  found  the  critical  resolved  shear  stress  for 
slip  on  each  system  to  be  nearly  equal  for 
oxygen  levels  near  1000  ppm.  For  lower 
oxygen  levels  (100  ppm),  slip  is  preferred  on 
the  {l()To}<l  I  20>  system  (14).  The  deforma¬ 
tion  behavior  of  Ti-70  suggests  that  prismatic 
slip  is  also  preferred  for  high  oxygen  levels 
(3800  ppm). 
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Addition  ol  aluminum.  tin.  ami  /nconium  to 
an  illumine  commercially  pure  baxe  (  I  i-SOA 
type)  also  rextricted  xl i p  and  promoted  xtiexx 
corrosion  xuxeeplibilily  I  Inn -loil  xtudiex 


(l>l  Ordered,  condition  4L  —  ( I  650°F/1  /2  hr/AC)  i 
(nOO°r/8br,>C)  to  (932°F / 1 20  hr/AC) 

Fig.  b  t  fleet  of  outer  on  coplaner  slip  in  Ti  5AI  5Sn  5?r 
deformed  4  in  tension.  tOOOlj  o  /one  axis. 


Jain,  II.  Strength  and  fracture  properties  of  ( 
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showed  that  slip  in  Ti-5Al~2„5Sn  and 
Ti-5  Al-5Sn-5Zr  is  predominately  eoplanar. 
Figure  5(a)  illustrates  eoplanar  {lt)10}slip  in 
disordered  Ti-5AI-5Sn-5Zr  that  has  been  de¬ 
formed  4.0  percent  in  tension.  Formation  of 
ordered  domains  of  Ti^(Al,Sn)  in  this  alloy 
(Figure  6)  appeared  to  reduce  the  number  of 
operative  { 1 0 1  o}  slip  planes  and  the  slip-band 
thickness  (Figure  5(b)).  Susceptibility  was  least 
pronounced  for  the  disordered  solid  solution 
and  increased  with  the  degree  of  order  in  the 
a  phase.  The  effect  of  order  on  strength,  tough¬ 
ness.  and  stress  corrosion  resistance  is  shown  in 
Figure  7. 

Thermal  treatments  that  caused  ordering  in 
Ti-5  Al-5Sn-5Zr  also  increased  the  susceptibility 
of  Ti-5Al-2.5Sn  (compare  conditions  3F  and 
3K,  Table  II).  However,  no  ordered  domains  or 
superlattice  reflections  were  observed  in  this 
alloy  using  electron-microscopy  techniques. 


Fig.  6  Dark  f ibid  electron  micrograph  showing  ordered 
domains  of  TijfA  I.  Sn)  in  Ti  SAl-5Sn  5Zr, 
condition  4L  -  (1650°F/1/2  hr/AC)  +  ( 1 lOfPF/ 
8  hr/FC)  to  (932° F /1 20 hr/ AC),  f10Ttla 
reflection. 
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Apparently,  the  aluminum  and  tin  levels  are 
below  the  critical  level  required  for  order.  The 
observed  increase  in  susceptibility  and  the  pro¬ 
nounced  susceptibility  in  the  solution-treated 
condition  (condition  3F)  are  partially  caused 
by  transformation  in  the  0  phase.  These  trans¬ 
formations  are  discussed  below. 

The  importance  of  slip  mode  on  stress  corro¬ 
sion  properties  suggests  that  the  residual  dis¬ 
location  structure  also  influences  susceptibility. 
The  dislocation  structure  was  modified  by 
varying  the  conditions  of  cold  rolling  and 
annealing  to  produce  heavy  cold  work,  recov¬ 
ery,  and  varying  degrees  of  recrystalli/.ation. 
Figure  8  shows  that  30-percent  cold  work  in¬ 
creased  the  0. 2-percent  yield  strength  of  recrys¬ 
tallized  Ti-5Al-5Sn-5Zr  (condition  4A)  without 
reducing  the  stress  corrosion  threshold.  When 
compared  in  a  more  highly  ordered  condition 
(4E),  the  increased  dislocation  density  im¬ 
proved  both  strength  and  Kjscc  (Figure  8). 
Although  dislocation  densities  were  not  deter¬ 
mined  quantitatively,  back-reflection  Laue 
photographs  (Figure  l>)  show  that  condition  4E 
was  completely  recrystallized,  whereas  condi¬ 


tion  4KA  retained  evidence  of  heavy  cold 
work.  Changes  in  dislocation  density  have  a 
similar  affect  on  the  susceptibility  of  a  in  Ti-70 
and  Ti-5AI-2.5Sn,  although,  in  some  cases,  con¬ 
current  transformations  in  fl  have  masked  this 
trend  (see  Appendix  A). 


(a)  Condition  4E-(1650°F/1/2  hr/AC)  + 
(1 100°F/8  hr/AC) 


(b)  Condition  4KA  — ( 1 550°F/ 1/2  lu/AC)  +  (30%  CR) 
♦  (1  100" F /b  hi /AC) 


Fig  8  Effect  of  cold  work  on  the  strength  and  stress 
corrosion  threshold  of  Ti  5AI  5Sn  SZt 


Fig.  9.  Back -reflection  Laue  photogi.tphs  of  Ti  5Af-5Sn-5Zr. 
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Cirain  Si/.e  anti  Morphology 

Increasing  the  ci|iiiaxed  a  grain  si/e  of  Ti-5AI- 
2.5Sn  (figure  10)  reduced  both  stress  cor¬ 
rosion  resistance  and  the  0.2-percent  yield 
strength.  Table  I!  shows  K|scc  decreased  from 
32  to  27  ksiy/in.  (conditions  3('  and  3D).  The 
reduction  of  0. 2-percent  yield  strength  is  quali¬ 
tatively  consistent  with  the  analysis  of  Tetch 
(15).  Similar  changes  in  grain  si/e  were 
achieved  in  li-70.  hut  embrittling  constituents 
in  the  P  phase  masked  the  expected  grain-size 
dependence  of  S('(\ 
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(a)  Condition  3C-1650°F/10  hr/AC 


/•/y.  Primary  ()t  grant  st/e  in  Ti  5AI  2.5Sn.  Optical 
micrographs,  Kroll’s  etch. 


The  gram  size  of  Ti-70.  Ti-5AT2.5Sn.  and 
Ti-5 Al-5Sn-5/r  was  reduced  by  transforming 
equiaxed  a  grains  to  an  acicular  morphology 
during  solution  treatment  above  the  p  transits. 
Ibis  treatment  improves  the  stress  corrosion 
resistance  of  act-/)  alloys.  However,  d-qucnched 
Ti-5 AI-5Sn-5/r  (condition  41))  is  more  suscep¬ 
tible  to  SCC  than  the  u-quenched  condition 
(4B)  (  Table  II)  A[)parently,  the  martensite 
interface  is  not  an  effective  barrier  to  slip  in  cv 
alloys.  Williams  and  Blackburn  (  lb )  have  found 
unobstructed  slip  across  several  martensite 
plates  in  !  i-5 A 1-2 . 5Sn  quenched  from  2000" T'. 
Under  these  conditions,  the  effective  grain  si/e 
is  probably  the  large,  prior  p  grain  si/e. 
/3-quenchcd  Ti-70  (condition  21  i.  Table  II land 
Ti-5Al-2.5Sn  (condition  311)  also  show  pro¬ 
nounced  susceptibility  but  are  more  immune 
than  the  a-quenched  conditions  (2!i  ami  3 T, 
respectively).  Susceptibility  of  the  o-qucnched 
conditions  is  related  to  to  formation  in  the  p 
phase  in  the  following  section. 

Transformations  in  P 

Transformation  of  unstable  P  in  Ti-7()  and 
ii-5AT2.5Sn  strongly  influenced  the  mechani¬ 
cal  properties  of  these  alloys.  In  many  cases,  p 
t  ra  nsforn  a  t  ions  overshadowed  structural 
cl)  mges  in  the  a  phase  that  were  being  related 
to  SCC.  Trace  amounts  of  Te  (  Table  I)  are 
responsible  for  the  presence  of  p.  X-ray 
analysis  detected  approximately  3  volume  per¬ 
cent  and  1.5  volume  percent  p  in  the  mill- 
annealed  condition  of  Ti-70  and  i  i-5.VI-2.5Sn, 
respectively. 

Thin-foii  studies  showed  unstable  P  precipi¬ 
tated  cc  and/or  or.  depending  on  the  conditions 
of  heal  treatment.  I  xtremely  fine  gj  (  <  25A 
diameter)  was  formed  in  li-70  during  air 
cooling  from  I20()'T  and  !300'T.  The  par¬ 
ticles  were  too  small  for  direct  imaging  with 
the  electron  microscope  and  wen  detected 
I rom  diituse  spots  in  the  electron  diffraction 
patterns  Diffuse  u>  was  also  detected  in  the  p 
phase  ot  all  conditions  of  h  5  A  I- 2  5Sn  except 
31  .  311.  ami  3JA  (Appendix  A)  Its  presence  in 
osquenched  Ti-5AT2.5Su  (condition  31  I  able 


II)  reduced  Kjscc  below  the  level  for  the 
|8-quenc‘ted  condition  (3H),  even  though  the 
effective  grain  size  was  larger  for  the 
/Tquenched  con  ation. 

Higher  solution  temperature  reduced  the  Fe 
content  of  0  and  allowed  more  extensive  trans¬ 
formation  during  cooling.  In  Ti-70,  approxi 
mately  50  volume  percent  u>  (100  A  diameter) 
was  formed  in  0  during  coolirq  rom  1500®F 
(Figure  11).  This  additional  cu  reduced  stress 
corrosion  resistance  to  that  shown  in  Fi^uic 
12.  Solution  treatment  at  1700*F  (condition 
2H,  Table  II)  transformed  ft  to  martensite  and 
improved  Kjscc  to  the  highest  level  measured 
for  ihis  alloy. 

Isothermal  aging  at  temperatures  -bove  the 
maximum  temperature  of  oj  stability  (approxi¬ 
mately  700°F)  decomposed  o>  and  precipitated 
or  in  ft  by  a  cellular  mechanism.  Transforming 
'o  present  in  the  1500°F  water-quenched 
condition  of  Ti-70  (Figure  11)  to  a  by 
annealing  at  i050°F  for  30  minutes  improved 
KIscc  fr°m  34  to  39  ksi  Jin.  (conditions  2E 
and  2F,  Table  II).  However,  further  annealing 
at  I 05  O'* F  for  20  hours  (condition  2G) 
ieduced  Kjgcc  to  the  level  measured  for  the 
1500*  F  water-quenched  condition.  This 
behavior  suggests  that  a  large  volume  fraction 
of  a  can  embrittle  ft  as  effectively  as  u>,  which 


f-'i'y.  I 1.  Oe  rk  fi3ia  electron  micrograph  of  U)  in 
ft  of  Ti-70,  condition  20  ISOCfb/1/2 
hr/WQ,  (Wf  1)  co  rjfieciim: 


I 

i 

H 

G 

z 

UJ 

X 

fc 

LU 

_l 

5j 

z 

Ui 

K 


110 


100 


90 


80 


Fig.  12.  Effect  of  solution  temperature  on  the  properties 
of  Ti-70— solution-treated  1 P  hr  and  air  cooled. 


is  consistent  with  the  results  of  Harmon  and 
Troiano  (17).  In  Ti-5Al-2.5Sn,  transfoirnation 
of  diffuse  ui  to  a  reduced  K(scc  from  26  ksi 
y/m.  (condition  3A,  Table  II)  to  21  ksi  -v/ln 
(condition  3E).  Electron  micrographs  of  ft 
containing  diffuse  co  and  a  are  presented  in 
Figure  13.  Coplanar  dislocation  arrays  charac¬ 
teristic  of  Ti-5Al-2.5Sn  arc  visible  in  Figure 
13(a). 

at  +  ft  Alloys 

Mechanical-property  tests  (sec  Appendix  B) 
have  been  conducted  on  1  1  0  +  0  alloys: 
Ti-2.25AI-ilSn-4Mo-0.2Si  (IMI  680),  Ti-4A1 
3Mo-!V,  fi-4Al-4Mo-2Sn-0.5Si  (Hylite  50), 
Ti-5Ai-3Mo-l  V-2Sn,  Ti-6A1-4V,  Ti  6AI-2Mo, 
n-6Al  6V  2Sn,  Ti-6Al-5Zr-l  V-0.2Si  (IMI  684), 
Ti-7 A 1-2  5 M o,  Ti-7AI-4Mo,  and  Ti-8A1- 
IMo-lV  MUi-annealcd  properties  are  compared 


(a)  Containing  unresolved  diffuse  u>,  condition  3A— 
1400c,F/2  hr/ AC. 


(r.i  Dark  field  micrograph  of  condition  36  showing  th* 
Widmanstatten  morphology  ofo  mpt. 


Fig.  13.  Election  micrographs  of  0  in  Ti-SAI-2.SSn. 


with  those  of  the  a  alloys  in  Figure  14.  'his 
figure  shows  that  the  addition  of  0  stabilizing 
elements  increased  alloy  strength  and  often 
improved  stress  corrosion  resistance.  Stress  cor¬ 
rosion  resistance  improved  with  increased 
volume  percent  0  stabilized  by  isoniorphous- 
ty i  0  stabilizers  (Mo  and/or  V)  (Figure  15). 
Similar  0-STA  heat-treatment  conditions  were 
selected  for  each  alloy  included  in  Figure  15, 
e.g.  0  anneal,  solution  treat  (0  transus  tempera¬ 
ture  -75“F,  water  quench),  and  age  (1  100°F  to 
1  250°F,  4  hours,  air  cool). 

In  addition  to  the  effect  of  volume  percent  0 
on  stress  corrosion  resistance.  Figure  15  shows 
that  aluminum  content  above  approximately  6 
weight  percent  promotes  susceptibility.  In 
alloys  with  greater  than  6  weight  percent 
aluminum,  increasing  the  degree  of  order 
further  increased  susceptibility,  in  Ti-7A1- 
2.5Mo.  K|scc  decreased  from  80  ksi  -/In/ 
(condition  27B,  Table  ill),  to  65  ksi  0  in. 
(27H),  to  44  ksi  J in.  (27E)  as  the  degree  of 
order  increased. 

Although  0  stabilized  by  isontorphous  elements 
inv, roves  stress  corrosion  resistance,  vests  on 
Ti-6AI-6V-2Sn  and  Ti-4Al-4Mo2Sn-0.5Si 
(Hylite  50)  suggest  that  0  euicctoid  stabilizers 
(Fe  and/or  Or  and  Si)  promote  susceptibility. 
Ti-6A!  oV-2Sn  containing  0.7  weight  percent 
Fe  and  0.7  weight  percent  Cu  is  more  suscep¬ 
tible  (K|scr./Kjc  -  0.6.1)  than  similar  alloys 
containing  only  isontorphous  stabilizers  (Figure 
15).  In  addition.  V*  4Ai-4Mo-2Sn-0.5Si  exhibits 
greater  susceptibility  (K|scc/Kjc  =  0.50)  Ilian 
iwo  similar  alloys  ( Ti-dAI-lMo-l  V  and  Ti-5Ai- 
2 M o- !  V-2”  "  that  do  not  contain  silicon 
(Figure  15; 

The  mkrmetallic  phase  (Ti->('u  nr  I'i^Si  ^ ) 
should  be  present  in  most  heat-treat  conditions 
o!  these'  alloys,  because  the  eutectoid  reaction 
(0-~ot -t  I  i X )  is  “extremely  active”  in  the  Ti-C'u 
and  1  i-Si  systems  (18).  In  Ti-C'u  binary  alloys 
containing  2,  4,  o,  and  8  weight  percent  Cu, 
Ti  st'u  has  been  observed  in  both  quenched  and 
quenched  and  aged  conditions  (10).  Flforts  to 


Fig  14.  Mill  annealed  proparties  of  r»  and  at  fl titanium  alleys;  ultimate  t ensile  strength  in  ksi is  shown  in  parenthesis. 


Fig.  15.  Effect  of  0  on  stress-corrosion  susceptibility 
of  titanium  alloys  in  afi-STA  heat-treatment 
condition. 


identity  this  phase  in  Ti-6AI-6V-2Sn  have  been 
unsuccessful,  either  because  of  the  low  Cu  con¬ 
tent  or  the  complex  morphology  of  trans 
formed  0.  In  quenched  Ti-4Ai-4Mo-2Sn-0.5Si, 
particles  were  observed  in  both  transformed  0 
(Figure  16)  and  primary  a  (Figure  17).  Par¬ 
ticles  in  the  primary  n  phase  were  sufficiently 
large  for  identification  as  TicSi^  by  electron 
diffraction.  Base*!  on  the  work  of  Antony  et  al, 
(20)  on  the  Ti-Ai-Si  system,  the  silicide  com¬ 
pound  in  this  alloy  should  he  stable  up  to 
approximately  1  780°  F. 

Ti-4AI-4Mo-2Sn-0.5Si  was  iieat  treated  and 
thermomc -hanicully  processed  in  an  attempt  to 
reduce  the  embrittlement  characteristic  of 
alloying  with  0  eutectoid  stabilizers.  Increased 
aging  temperature  from  73 2° F  to  1 300°F 


Table  III.  Strength  and  fracture  properties  of  Ti-7A  1-2. 5Mo 
in  selected  conditions. 


Identification 

Condition 

UTS 

(ksi) 

0.2%  yield 
(ksi) 

Klc 

(ksi  \An.) 

^Iscc 
(ksi  VTn.) 

27A 

50%  HR 
(1750°F) 

147.5 

135.5 

65 

45 

27B 

1 675°F/ 1/2  hr/WQ 

137.8 

106.0 

75 

80 

27D 

1650°F/l/2  hr/ AC 

1  37.6 

127.1 

76 

65 

27F 

(l650°F/l/2  hr/FC)  to 
(l)32°F/  i  20  hr/ AC  ) 

135.7 

122.6 

74 

44 

27F 

( l800°F7l/2  hi /WQ )  + 

( 1 100°F/K  lu/ AC) 

1 66.6 

1  5  1 .7 

52 

37 

2711 

( I700WF/ 1/2  hr/ AC)  + 

( IK00°F/ 1/2  hr/WQ)  + 

( 1  I()0°I78  hr, /AC) 

1  58. 4 

134.8 

72 

43 

27k 

( 50' ;  HR)  • 

(50  ,  CR) 

\bi)V 

143  1 

83 

61 

HR  -  Imi  mllcd 

CR  -  sold  rolled 

WQ 

At 

-  water  quenched 
~  an  cooled 

.  . i 
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coarsened  the  transformed  structure  (Figure 
18)  and  reduced  strength  as  expected  but  also 
reduced  Kjc  and  Kjscc  (Figure  1 9).  However 
20-percent  rolling  prior  to  aging  at  932°F 
(conditions  13JA  and  !  3 JB)  increased  the 
0.2-percent  yield  strength  by  20  ksi  without 
significantly  changing  K|c  or  Kjscc  (Figure  20). 
Both  thermomechanical  treatments  increased 
dislocation  density  and  nucleated  additional  o 
and  TijS^  in  the  /3  phase.  Additional  nuclea- 
tion  by  “duplex  aging”  (condition  13K)  also 


'  *  ii.  \ 


(a)  Bright  field. 


(a)  Condition  13C  -  (1650°F/1/2  hr/AC  )  + 
(932°F/24  hr/AC) 


(b)  Dark  field. 

Fig  16.  Electron  micrographs  of  particles  tentatively 

identified  as  YigSigin  the  transformed  P  region 
of  Ti-4AI-4Mo-2Sn-0,5Si  (Hylite  50),  condition 
13A  -  1 650°  F /1 72  hrAVQ. 


<b)  Condition  1 3E  -  ( 1650°F/1/2  hr/AC)  •* 
(1300°F/24  hr/AC) 


Fig  17.  TigSij  particles  in  the  primary  a  phase  of  Ti- 
4A /  4/7 o  2Sn05Si  (Hylite  SO),  condition  13A 
IGSCpt/iri  hrAVQ. 


i 
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Fig.  18.  tffect  uf  aging  temperature  on  transformed 
0  in  Ti  4AI-4Mo  2Sn-0.5Si  (Hylite  50). 


AGING  TEMPERATURE  <°F) 

Fig.  19  Effect  of  aging  temperature  on  the  properties 
of  Ti-4A/-4Mo-2Sn-0.5Si  (Hyfite  50)~solution 
treated  (165G°F/1/2  hr/AC)  before  aging  at 
temperature  shown  for  24  hrs  and  air  cooled. 


improved  mechanical  properties.  The  changes 
were  small  for  strength  and  stress  corrosion 
resistance  but  fracture  toughness  improved 
markedly  (Figure  20).  In  Ti-7Al-2.5Mo, 
defor  ion  increased  strength,  toughness,  and 
stress  rrosion  resistance  (compare  27A  and 
27K,  Table  III).  Rolling  Ti-4AI-4Mo-2Sn-0.5Si 
prior  to  solution  treatment  (condition  13L) 
reduced  the  primary  o  grain  size  by  recrystalli¬ 
zation.  This  refinement  raised  Kjc  from  55  to 
72  ksi  ./in.  and  Kjscc  from  27  to  36  ksi^in. 
without  affecting  the  strength  (Figure  20). 

Refining  primary  cr  by  transforming  equiaxed 
grains  to  an  acicular  morphology  improved  the 
fracture  properties  of  both  Ti-4AI-4Mo- 
2Sn-0.5Si  (conditions  I3(’  and  131,  Figure  20) 


and  Ti-7Al-2.5Mo  (compare  27F  and  27H, 
Table  III).  This  is  consistent  with  the  behavior 
of  other  ot+0  alloys,  including  TF6A1-4V  arid 
Ti-4Al-3Mo-l  V  (5),  Ti-6Al-6V-2Sn  and  Ti-7A1- 
4Mo  (21),  and  Ti-6Al-2Mo  and  Ti-5Al-3Mo- 
1  V-2S n  (22). 

DISCUSSION 

Stress  corrosion  resistance  was  found  to  be 
microstructure  dependent  for  a  wide  range  of 
titanium  alloy  compositions  and  thermo¬ 
mechanical  conditions.  Alloys  that  exhibited 
coplanar  slip  in  the  a  phase  also  showed  pro¬ 
nounced  susceptibility  to  SCC.  Coplanar  slip  is 
characteristic  of  alloys  containing  (1)  high 
oxygen  (3800  ppm,  Ti-70),  (2)  aluminum  in 
excess  of  approximately  6  weight  percent  (e.g. 
Ti-6A1-4V,  Ti-7Al-2.5Mo,  and  Ti-8A1-1  Mo-1  V), 
or  (3)  5  weight  percent  or  greater  aluminum 
and  2.5  weight  percent  or  greater  tin  (Ti-5AT 
2.5Sn  and  Ti-5Al-5Sn-5Zr). 

Restricting  slip  in  this  manner  is  thought  to 
promote  stress  corrosion  susceptibility  by 
intensifying  the  dislocation  pileup  stress.  This 
stress  represents  a  large  component  normal  to 
the  fracture  plane  of  grains  unfavorably 
oriented  for  slip  (23).  Intensification  of  the 
normal  stress  to  a  critical  value  initiates  trans- 
granular  cleavage  cracks  of  the  type  observed  in 
the  a  phase  of  susceptible  alloys  (Figure  4). 
Other  a  grains  having  a  high  resolved  shear 
stress  for  slip  exhibit  ductile  tearing  (Figure  4). 
In  immune  alloys,  such  as  Ti-50A.  the  fracture 
stress  is  not  reached  for  any  grain  orientation 
because  cross  slip  limits  the  magnitude  of  the 
stress  concentration. 

Formation  of  ordered  domains  of  Ti^Al  or 
Ti^(Al,Sn)  in  the  o  phase  further  restricted  slip 
and  increased  stress  corrosion  susceptibility. 
Speidel  (24)  bus  shown  that  precipitation  of 
coherent  particles  (e.g.  ordered  domains)  pro¬ 
motes  planar  slip.  Ti-5AI-5Sn-5Zr  containing 
ordered  domains  appealed  to  have  a  reduced 
slipband  thickness  compared  to  the  dis¬ 
ordered  condition  (Figure  5).  The  decreased 
slipband  thickness  is  thought  to  increase 
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Fig.  20.  Properties  of  Ti-4Ai-4Mo-2Sn-O.SSi  (Hylite  50)  in  several  heat-trea*ed  and  thermomechanically  processed 
conditions;  ST  «  1650°F/1/2  hr /AC,  A  -  932°F/24  hr/ AC. 


susceptibility  by  reducing  the  probability  of 
activating  a  dislocation  source  across  a  grain 
boundary  and  intensifying  the  dislocation 
pileup  stress  (25). 

In  alloys  that  exhibit  coplanar  slip,  increasing 
the  slip  length  intensifies  the  stress  at  the  head 
of  a  dislocation  pileup  (26).  This  is  thought  to 
be  the  reason  that  stress  corrosion  suscep¬ 
tibility  increased  with  grain  size  in  Ti-5AT 
2.5Sn  (Figure  10).  Other  a  and  o;+  /3  alloys  that 
slip  in  a  coplanar  manner  should  show  a  similar 
grain-size  dependence,  because  the  effective 
slip  length  is  the  equiaxed  a  grain  size  in 
recrystallized  material.  Reducing  the  a  grain 
size  of  Ti-4Al-4Mo-2Sn-0.5Si  by  recrystalliza¬ 
tion  (condition  13L)  improved  both  fracture 
toughness  and  stress  corrosion  resistance 
(compare  13L  and  13C,  Figure  20).  In  cold- 
worked  material,  the  effective  slip  length  may 
be  reduced  by  increased  dislocation  density. 
This  would  account  for  the  improved  pro¬ 


perties  observed  in  cold-worked  Ti-5Al-5Sn-5Zr 
(Figure  8),  Ti-7Al-2.5Mo  (compare  27A  and 
27K,  Table  III),  and  Ti-4Al-4Mo-2Sn-0.5Si 
(compare  13C  and  13JA,  Figure  20). 

Stress  corrosion  resistance  improved  with 
increased  volume  percent  p  stabilized  by 
isomorphous-type  elements  Mo  and/or  V 
(Figure  1 5).  This  is  attributed  to  the  ability  of 
p  (ductile)  to  arrest  stress  corrosion  cracks  that 
propagate  readily  through  the  cr  phase  (5,  12, 
27).  However,  precipitation  of  a  second  phase 
in  p  can  markedly  reduce  stress  corrosion 
resistance.  Extremely  fine  u>  in  the  P  phase  of 
Ti-70  is  thought  to  be  responsible  for  reducing 
Kjscc  from  70  ksi  -STr\.  (condition  2H,  no  t o) 
to  54  ksi  Jin.  (condition  2A,  u  <  25  A 
diameter).  Larger  oj  particles  (approximately 
500  A  diameter,  Figure  11)  further  reduced 
stress  corrosion  resistance^  Kjscc  changed  from 
54  kss  -J  in.  to  33  ksi  J~ in.  (Figure  1  2).  A  large 
volume  fraction  of  o»in  p  resulted  in  an  equally 
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low  threshold  (condition  2(>,  Table  II).  In 
Ti-5AI-2.5Sn  stress  corrosion  resistance  was 
also  dependent  on  the  condition  of  the  0 
phase.  In  alloys  containing  ('u  or  Si,  low-stress- 
corrosion  properties  (Figure  15)  are  attributed 
to  precipitation  of  rv  and  intermetallic  com¬ 
pounds  Ii-,Cu  or  Ti^Si^  in  p.  These  inter- 
metallics,  as  well  as  w  and  rv,  are  thought  to 
enhance  susceptibility  by  nucleating  cracks  in 
the  P  phase.  Holden  et  a!.  (28)  have  attributed 
pronounced  tensile  embrittlement  of  a  fi 
titanium  alloy  to  a  fine  dispersion  of  ce. 

Ti-4Al-4Mo-2Sn-0.5Si  was  thcrmomeehanically 
processed  in  an  attempt  to  improve  mechanical 
properties  by  controlling  the  transformed  p 
morphology,  including  Ti^Si^  particle  si/.e. 
Overaging  to  coarsen  the  transformed  structure 
(Figure  IS)  reduced  strength  as  expected,  but 
it  also  lowered  fracture  toughness  and  stress 
corrosion  resistance  (Figure  19).  Overaging  a 
similar  alloy  that  did  not  contain  Si  ( T  i-4 A I- 
3Mo-l  V)  caused  similar  structure  and  property 
changes,  except  the  fracture  properties 
increased  markedly  (5).  The  reduced  fracture 
properties  of  fi-4Ai-4Mo-2.Sn-0.5Si  are  thought 
to  result  from  an  increase  in  Ti^Si^  particle 
si/e.  However,  it  was  not  possible  to  positively 
relate  Ti  -  Si  ^  particle  si/.e  to  mechanical  pro¬ 
perties  because  of  the  complex  morphology  of 
the  transformed  region  (Figure  18).  Refining 
the  transformed  structure  by  "duplex  aging” 
(condition  1  3 K  )  to  nucleate  additional  rv  and 
I  i ^ Si  -  in  0  improved  the  combination  of 
strength  and  stress  corrosion  resistance  (com¬ 
pare  conditions  I3C  and  1 3 K .  Figure  20). 
Refining  the  transformed  structure  by  defor¬ 
mation  to  provide  additional  heterogeneous 
n (ideation  sites  for  0  decomposition  also 
improved  mechanical  properties  (compare  con¬ 
ditions  1 3( ',  I  3 J A .  and  I  3J H  Figure  20).  Both 
reduced  particle  si/e  and  increased  dislocation 
density  are  thought  to  contribute  to  the 
improved  properties  of  conditions  1 3 J  A  and 
I  TJH. 


I.  The  loading  sequence  for  stress  corrosion 
testing  has  a  varied,  often  pronounced 
effect  on  the  stress  corrosion  threshold 
Kj  T.  Loading  in  salt  solution  reduced  the 
threshold  of  certain  alloy  heat-treatment 
conditions  as  much  as  65  percent  compared 
to  loading  in  air  before  adding  salt  solution. 
However,  conditions  that  are  either 
markedly  susceptible  or  nearly  immune  to 
SCC  are  unaffected  by  the  loading 
sequence.  Conclusions  2  through  5  are 
based  on  thresholds  established  from  salt- 
loaded  specimens. 

2.  Alpha  titanium  containing  approximately 
1200  ppm  oxygen  (Ti-50A)  is  immune  to 
See.  Increasing  oxygen  to  3800  ppm 
(T'i-70)  or  adding  aluminum  (e.g.  Ti-6AI-4V, 
T  i  -  7  A I  -  2 . 5  M  o  and  Ti-XAI-1  Mo- 1  V)  or 
aluminum  and  tin  (Ti-5  Al-2.5Sn  and  Ti- 
5AI-5Sn-5Zr)  restricts  slip  in  the  cr  phase 
and  promotes  stress  corrosion  susceptibility. 
Restricted  slip  is  thought  to  promote  stress 
corrosion  through  its  effect  on  the  disloca¬ 
tion  pileup  stress.  Formation  of  ordered 
domains  of  Ti^(ALSn)  in  Ti-5 Al-5Sn-5Zr 
reduced  the  thickness  of  {1010}  shpbands 
and  further  lowered  Kj  ,L>. 

3.  Stress  corrosion  resistance  increases  with 
decreasing  slip  length  in  alloys  that  exhibit 
coplanar  slip.  The  effective  slip  length  is  the 
or  grain  si/.e  in  or  and  or-t/H  alloys  and  the  prior 
/(grain  si/.e  in  water-quenched  a  alloys.  In¬ 
creasing  the  dislocation  density  by  cold 
work  reduced  the  effective  slip  length  and 
improves  stress  corrosion  resistance. 

4.  Strength  and  relative  stress  corrosion  resis¬ 
tance  improve  with  increased  volume 
percent  n  stabilized  by  isomoi phous-ty pe 
stabilizers  Mo  and/or  V  Precipitation  of  a 
second  phase  m  3,  however,  can  markedly 
icdc the  stress  corrosion  threshold  u,  at. 
and  intermetallic  compounds  all  cause  pro 
nouneed  embrittlement  w'  mi  present  as 
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particles  with  a  diameter  of  the  order  of 
100  A.  lntennetallic  compounds  are  ob¬ 
served  in  alloys  containing  silicon  and 
copper. 

5.  Combining  plastic  deformation  with  solu¬ 
tion  treating  and  aging  improves  the  com¬ 
bination  of  strength,  toughness,  and  stress 
corrosion  resistance  of  Ti-4Al-4Mo- 
-2Sn-0.5Si.  Deformation  after  solution 
treatment  but  prior  to  aging  provided  addi¬ 
tional  heterogeneous  nucleation  sites  for  0 
decomposition  and  refined  the  transformed 
structure.  Deformation  prior  to  solution 
treatment  and  aging  recrystallized  primary 
cv  and  reduced  o;  grain  size. 
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Strength  Toughness,  and  Stress-Corrosion  Resistance 
of  O'  t/?  Titanium  Alloys 
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'  Four  a  titanium  alloys  and  1 1  a+/3  titanium  alloys  have  been  .characterized  to  relate  phase  composition 
and  associated  microstructure  to  stress  corrosion  cracking  (SCC).  Of  these  alloys,  only  a  low-interstitial, 
commercially  pure  a  alloy  (Ti-50A)  was  immune  to  SCC.  Addition  of  oxygen,  aluminum,  or  aluminum 
and  tin  restricted  slip  in  the  a  phase  and  promoted  stress  corrosion  susceptibility.  Formation  of  ordered 
domains  of  Tn(Al,  Sn;  further  restricted  slip  and  increased  susceptibility.  Stress  corrosion  resistance 
was  improved  ny  thermomechanical  treatments  that  reduced  a  grain  size  or  increased  dislocation  density. 
Alpha-phase  susceptibility  is  qualitatively  related  to  the  intensity  of  the  stress  field  surrounding  a  dis¬ 
location  pileup.  Alloying  with  molybdenum  and/or  vanadium  increased  strength  and  often  improved 
stress  corrosion  resistance.  This  is  attributed  to  stabilization  of  the  ductile  p  piiase.  However,  pre¬ 
cipitation  of  a  tine  dispersion  of  a  or  co  m  p  caused  embrittlement  and  reduced  the  stress  corrosion 
threshold.  Intcrmctallic  compound  formation  in  alloys  containing  copper  or  silicon  similarly  promoted 
susceptibility.  Thermomechanical  processing  of  Ti-4AI-4Mo-2Sn-0.5Si  limited  the  embrittlement, 
probably  by  refining  Ti^Si^  particles  in  the  13  phase. 
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